Abstract Discovery of genes that confer resistance to diseases such as diet-induced obesity could have tremendous therapeutic impact. We previously demonstrated that the C57BL/6J-Chr A/J /NaJ panel of chromosome substitution strains (CSSs) is a unique model for studying resistance to diet-induced obesity. In the present study, three replicate CSS surveys showed remarkable consistency, with 13 A/J-derived chromosomes reproducibly conferring resistance to high-fat-diet-induced obesity. Twenty CSS intercrosses, one derived from each of the 19 autosomes and chromosome X, were used to determine the number and location of quantitative trait loci (QTLs) on individual chromosomes and localized six QTLs. However, analyses of mean body weight in intercross progeny versus C57BL/ 6J provided strong evidence that many QTLs discovered in the CSS surveys eluded detection in these CSS intercrosses. Studies of the temporal effects of these QTLs suggest that obesity resistance was dynamic, with QTLs acting at different ages or after different durations of diet exposure. Thus, these studies provide insight into the genetic architecture of complex traits such as resistance to diet-induced obesity in the C57BL/6J-Chr A/J /NaJ CSSs. Because some of the QTLs detected in the CSS intercrosses were not detected using a traditional C57BL/6J 9 A/J intercross, our results demonstrate that surveys of CSSs and congenic strains derived from them are useful complementary tools for analyzing complex traits. L. C. Burrage and A. E. Baskin-Hill contributed equally to this work.
Introduction
The worldwide incidence of obesity among children, adolescents, and adults has risen dramatically in recent years (Kelly et al. 2008) . Currently, 32% of U.S. adults are obese and 66% are overweight (Ogden et al. 2006; Wang et al. 2008) . Increased body weight is a major public health concern because it is a component of metabolic syndrome, a constellation of medical conditions including high blood pressure, insulin resistance, and dyslipidemia. Recent evidence also suggests that increased body mass index (BMI), which is a measure of adiposity, is an independent risk factor for conditions such as cardiovascular disease, respiratory complications, sleep disorders, osteoarthritis, and several cancers (National Institutes of Health 1998; Renehan et al. 2008; Schelbert 2009; Yan et al. 2006) .
Both genetic and environmental factors contribute to the development of obesity and other aspects of metabolic syndrome. Discovery of genes responsible for monogenic cases of obesity, such as leptin (Lep) (Montague et al. 1997; Zhang et al. 1994) , melanocortin-4 receptor (Huszar et al. 1997; Loos et al. 2008; Vaisse et al. 1998; Yeo et al. 1998) , and pro-opiomelanocortin (Pomc1) (Krude et al. 1998) , provides insight into the physiologic control of satiety and energy metabolism. However, these and other single-gene variants account for only a small portion of the genetic variation in body weight in human populations (Walley et al. 2009 ). Instead, multiple genes together with environmental factors such as diet and activity contribute to common forms of obesity (Allison et al. 1996; Hinney et al. 2007; Lindgren et al. 2009; Maes et al. 1997; Willer et al. 2009 ). To date, few genes contributing to polygenic obesity have been identified in humans Mutch and Clement 2006; Walley et al. 2009; Willer et al. 2009 ).
Laboratory animals provide important models for human obesity because both genetic and environmental factors can be controlled in ways that are often difficult in human studies. Studies of spontaneous and engineered mutant mice have led to the discovery of genes that are responsible for monogenic cases (Zhang et al. 1994) . Inbred strains also provide models of multifactorial obesity (Brockmann and Bevova 2002) . For example, C57BL/6J (B6) male mice are significantly more susceptible than A/J males to diet-induced obesity (Black et al. 1998; Mills et al. 1993; Rebuffe-Scrive et al. 1993; Surwit et al. 1988) and other features of metabolic syndrome, such as hypertension, insulin resistance, and dyslipidemia (Collins et al. 2004; Mills et al. 1993; Rebuffe-Scrive et al. 1993; Surwit et al. 1988 Surwit et al. , 1995 Farber et al. 2009 ). As in humans, inheritance of these traits is complex, involving multiple genes and gene-environment interactions. Therefore, these strains are an important model for studying the genetics and physiology of the common forms of diet-induced obesity and metabolic syndrome (Collins et al. 2004; Wuschke et al. 2007; Manolio et al. 2009 ).
The first comprehensive genetic analysis of dietinduced obesity in B6 and A/J male mice was performed using the B6-Chr A/J /NaJ chromosome substitution strains (CSSs), a panel of 22 inbred strains in which a single chromosome from a donor strain (in this case, A/J) has been substituted onto a host strain background (in this case, B6) (Singer et al. 2004 ). When fed a high-fat diet, 17 CSSs were resistant to obesity relative to B6 (Singer et al. 2004) . Thus, at least 17 obesity-resistance genes contribute to the differential susceptibility of B6 and A/J males to high-fat diet-induced obesity (Singer et al. 2004 ), a result that further emphasizes the genetic complexity of this trait in this pair of strains. Additional studies are needed to narrow these regions to facilitate gene discovery.
The goal of the present study was to further dissect the genetic control of resistance to diet-induced obesity in the A/J and B6 inbred strains as well as in CSSs and intercrosses derived from these progenitor strains. To this end, we assessed the impact of diet composition on the parental strains, surveyed the genetics of resistance to diet-induced obesity in replicate CSS surveys, compared results from the CSS surveys with results from intercrosses derived from each CSS and from intercrosses between the parental strains, and assessed dominance and temporal effects in the segregating crosses derived from CSSs.
Materials and methods

Abbreviations
We refer to our original CSS survey as O-SRV, which was performed at the CWRU Animal Resource Center (ARC) (Singer et al. 2004) , the first CSS survey replicate as R-WOL, which was done in the CWRU Wolstein Animal Facility, and the second CSS survey replicate as R-ARC, which was performed at a later time in the ARC.
Mice
B6 and A/J males were obtained from the Jackson Laboratory (Bar Harbor, ME). For all studies except R-WOL, B6 and A/J males from Jackson Laboratory were used for body weight studies. For R-WOL, B6 and A/J colonies were established at CWRU using mice obtained from Jackson Laboratory, and males from these colonies were used for analysis. The C57BL/6J-Chr A/J /NaJ CSSs were raised at CWRU.
Husbandry
All mice were weaned at 3-4 weeks of age and housed in micro-isolator cages with a 12 h:12 h light:dark cycle. Unless otherwise noted, mice were maintained on LabDiet 5010 autoclavable rodent diet (27.6 kcal% protein, 13.5 kcal% fat, 59.0 kcal% carbohydrate) ad libitum (Labdiet, Richmond, IN) . All studies and procedures were approved by the CWRU Institutional Animal Care and Use Committee.
Intercrosses
Crosses between each CSS and B6 (except CSS-Y and CSSMito) were made in one direction-CSS females 9 B6 males-to control for possible parental and grandparental effects among intercross progeny. F1 offspring were intercrossed to generate F2 male progeny (75-93 per CSS cross). Similarly, B6 and A/J mice were crossed to generate F1 mice (B6 9 A/J) that were then intercrossed to generate 94 F2 progeny.
Genotyping
Both microsatellite markers and single nucleotide polymorphisms (SNPs) (average intermarker interval = 11.2 Mb; greatest intermarker interval = 40.5 Mb) were used as genetic markers for the CSS intercrosses. For microsatellite markers, DNA was isolated from tail samples with standard methods (proteinase K digestion, Invitrogen, Carlsbad, CA), and genotyping was performed using PCR and polyacrylamide gel electrophoresis. For SNPs used in CSS intercrosses and in the parental strain intercross, DNA was isolated from tail samples with the Qiagen DNeasy Kit (Qiagen, Valencia, CA), and genotyping was performed with the Sequenom MassArray 7 K system and matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (Sequenom, San Diego, CA). For each marker scored with mass spectrometry, genotypes were scored independently with both the Sequenom software (version 3.3) and an alternative method developed by Dr. Joel Hirschhorn (personal communication). Markers in which 90% of the typed individuals had concordant positive (not ''no call'') genotypes using both methods were used for the mapping analyses. Among the concordant calls for usable markers, we analyzed the distribution of genotypes in the CSS intercrosses to test whether they were consistent with the expected Mendelian distribution of genotypes in an F2 cross, which was evaluated with a v 2 test at a = 0.000052, which corresponds to the Lander-Kruglyak threshold of a = 0.05 for intercross analyses (free model) (Lander and Kruglyak 1995) . Marker segregation was consistent with Mendelian expectations in every case. Markers used in the CSS intercross analysis and the corresponding p values derived from v 2 analysis are provided in Supplementary Table 1A . Markers (SNPs) used in the B6 9 A/J intercross were similarly genotyped and are presented in Supplementary Table 1B . For the parental strains, R-WOL, O-SRV, the LFCC survey, and the intercrosses, mice were weighed every 2 weeks for approximately 100 days after introduction of the diet. In contrast, for R-ARC, weights were collected only at select time points (IW and FW). For R-ARC, the final time point was 120 days (*4 months) rather than 100 days.
The following traits (or a subset as described in the text) were analyzed ( Fig. 1 
Statistical analyses and QTL mapping
All statistical analyses were performed with the R statistical software (Ihaka and Gentleman 1996) unless otherwise noted. QTL analysis was performed with R/qtl, an add-on package for R (Broman et al. 2003) .
Standard three-way ANOVA was used to test the effects of strain and dietary content of fat and carbohydrate composition on MW, FW, EWG, FWG, and WG in B6 and A/J males. Unpaired t tests were used to compare IW, MW, FW, EWG, FWG, and WG from each CSS with those from B6 for the HFSC and LFCC surveys. To test whether a CSS and B6 differed in response to the high-fat diet, the difference in the mean trait value for a CSS on the HFSC versus LFCC diets was compared to the corresponding difference for B6. P values, adjusted for the search across the 22 chromosomes and across the six traits (IW, MW, FW, WG, EWG, FWG), were determined using a permutation test, with 100,000 permutations of individuals with respect to their strain assignments. The same t statistics used with the observed data were calculated with the permuted data. The maximum t statistic across strains and phenotypes was recorded for each replicate. The adjusted p value for a particular strain and phenotype was the proportion of permutation replicates at which the maximal t statistic (maximized across strains and phenotypes) was greater than or equal to the observed t statistic.
We used two methods to test reproducibility in the replicate CSS surveys. First, the difference between mean trait values (IW, FW, BMI) for each CSS in R-WOL and R-ARC was plotted versus the mean trait value for each CSS in R-WOL and R-ARC, and then the mean difference among all CSSs and the 95% confidence intervals (±2 standard deviations) were then plotted to identify outliers. Next, unpaired t tests were used to compare the trait values for each CSS in the replicate surveys to those of B6 using similar methods as described above. P values, after adjusting for the search across the 22 chromosomes and the three phenotypes, were again calculated with 100,000 permutations. This method identified strains that were reproducibly resistant to obesity relative to B6.
For the intercross analyses, F2 males that lost more than 10% of their body weight in a 2-week interval (suggestive of illness) were removed from the analysis of IW, MW, FW, BMI, WG, EWG, and FWG. The FW of each of the 20 intercrosses was compared to that of B6 using an unpaired t test followed with 20,000 permutations of the data set to determine significance thresholds that adjust for the search across chromosomes. QTL analysis was performed using standard interval mapping (Lander and Botstein 1989) . Age was used as a covariate for all body weight and BMI analyses to account for small variations in ages of the mice at specific time points (IW: 34 ± 4 days, MW: 89 ± 7 days, FW: 33 ± 7 days). Confidence intervals for the location of the QTL were estimated by calculating 1.5 LOD support intervals. To establish statistical significance of the QTL mapping results, we took account of the search across the 20 chromosomes and across the seven (IW, MW, FW, BMI, WG, EWG, FWG) traits; we sought to control the family-wise error rate, namely, the chance of identifying a QTL for at least one chromosome or trait, if in fact there are no QTLs for any of the traits. Because the intercrosses for individual chromosomes varied in size and marker density, chromosome-specific significance thresholds are required. However, the seven traits have similar marginal distributions, so a common threshold can be used. We used a permutation test, with 100,000 permutation replicates. Let M ijk denote the maximum LOD score on chromosome i for phenotype j in permutation replicate k, and let M ik denote the maximum, across trait j, of the M ijk . For a single trait, the 1 -a quantile of the M ik (across k) is a significance threshold adjusted for the scan across the seven phenotypes but not for the scan across the genome. We derived chromosome-specific significance threshold using a previously published approach (Broman et al. 2003) . Let L i denote the genetic length of chromosome i, and let L denote the sum of these lengths. We use the 1
Li/L quantile of the M ik (across permutation replicates k) as the significance threshold for chromosome i, adjusting for the scan across phenotypes and across the genome. We used the accepted thresholds for suggestive (a = 0.63) and significant (a = 0.05) QTLs (Lander and Kruglyak 1995) .
To investigate the possibility of linked or interacting QTLs, we performed two-dimensional, two-QTL scans. For each pair of sites on a chromosome, we fit an additive model (two QTLs acting additively) and a full model (two QTLs allowed to interact). From these results we calculated four LOD scores: L f , comparing the full, two-QTL model to the null model (of no QTLs); L i , comparing the full model to the additive two-QTL model (concerning the interaction term); L ci , comparing the full model to the best Fig. 1 Time course, traits, and metrics for body weight studies. IW = initial weight, MW = midpoint weight, FW = final weight, BMI = body mass index, EWG = mean weight gain per day during the first half of the study, FWG = mean weight gain per day during the second half of the study, WG = mean weight gain per day during the entire study, IA = initial age (days), MA = midpoint age (days), FA = final age (days). This study design was used for all studies except R-ARC (see Methods) single-QTL model for that chromosome; and L ca , comparing the additive model to the best single-QTL model. L ca and L ci indicate evidence for a second QTL on that chromosome; L i indicates evidence for an interaction between the QTLs. Two QTLs on a chromosome are indicated when L f is large and either L ca or L ci are large. The QTLs are indicated to interact when L i is also large. The analysis was performed using the R/qtl software (Broman et al. 2003) .
To evaluate inheritance patterns associated with QTLs detected in the intercrosses, progeny in each cross were sorted by genotype at the marker nearest the peak. Then, a one-way ANOVA with Tukey's post-test was used to compare the trait values among the genotypes (GraphPad Prism, version 3.03, GraphPad Software, Inc., La Jolla, CA). A Bonferroni correction accounting for the number of chromosomes on which QTLs were detected and number of traits tested was also applied to correct for multiple testing.
The traditional intercross (using the parental strains) was analyzed much like the CSS intercrosses, though the derivation of significance thresholds to adjust for the genome scan did not require the special adjustments, described above, to obtain chromosome-specific thresholds.
Results
Effects of diet content
To assess the relative contribution of dietary fat and carbohydrate to weight gain in B6 and A/J mice, males from each strain were raised on one of four diets that differed in fat content (58 vs. 11 kcal%) and carbohydrate source (simple versus complex carbohydrate) (Fig. 2) . We used body weight as a surrogate for obesity in this study because previous work showed a strong correlation between body weight and fat pat weights in this model (Buchner et al. 2008) . Mice were evaluated for five traits: EWG, FWG, MW, FW, and WG (Fig. 1, Supplementary Table 2A ). IW was omitted from this analysis because our objective was to assess diet effects rather than differences in body size. For FW, three-way ANOVA showed a strong strain effect (p \ 2.0 9 10 -16 ), a strong fat effect (p \ 2.0 9 10 -16 ), but not a carbohydrate effect; a strong interaction was detected between strain and fat (p \ 2.0 9 10 -16 ; Supplementary Table 2B ). Similar results were found for EWG, MW, FWG, and WG as well as in previous studies (Surwit et al. 1995) . Thus, although B6 males were heavier than A/J males on all four diets, the differences were exaggerated on the high-fat versus low-fat diets, indicating that B6 males were genetically predisposed to high-fat, diet-induced differences in body weight.
Diet versus body size effects
Our previous CSS survey (O-SRV, see below and Supplementary Table 3A ) revealed 17 A/J-derived chromosomes that confer resistance to HFSC diet-induced obesity (Singer et al. 2004 ). However, that survey did not evaluate the relative contributions of diet-induced obesity versus body weight independent of diet. Thus, we evaluated measures of weight gain in CSSs and B6 male mice fed a low-fat (LFCC) diet using a similar study design as O-SRV. The LFCC diet was selected because we and others demonstrated that this diet does not induce obesity in B6 males (Surwit et al. 1995) . To this end, we compared the six body weight traits (IW, MW, FW, WG, EWG, FWG) for the CSSs and B6 males fed the LFCC diet (Supplementary Table 3B ), and we also tested whether we could detect a ''diet effect'' for each CSS on the LFCC diet. For example, if differences in trait measures between CSSs and B6 on the alternative diets varied significantly (diet effect detected), we could conclude that the reduced trait measures in the CSSs fed the HFSC diet resulted from resistance to diet-induced obesity. Alternatively, if differences between a CSS and B6 were similar regardless of diet, we could conclude that trait differences were independent of diet (no diet effect) and instead reflect dietindependent differences in body size.
Among the 17 CSSs that were resistant to diet-induced obesity (Singer et al. 2004 ), we found a significant diet effect in 10 CSSs Supplementary contrast, the effect of the diet was not significant for the other CSSs that were resistant in the original survey (O-SRV; CSS-5, -10, -11, -13, -14, 16-, and -18, Supplementary Table 3C ), suggesting that their reduced FW was due to a body size effect that was independent of diet. Hence, variation in FW appears to result from both differences in body size and resistance to diet-induced obesity, depending on the CSS.
Replicate surveys of obesity resistance
Vagaries in environmental factors such as season, diet lot, and mouse facility can lead to difficulty reproducing results among independent studies. Furthermore, studies have demonstrated that epigenetics may play a role in body weight in C57BL/6J mice (Koza et al. 2006 ) and, thus, could also contribute to variability in genetically identical mice. To test reproducibility of responses to the HFSC diet, R-WOL and R-ARC replicate CSS surveys were performed in different mouse facilities at CWRU, in addition to the original survey (O-SRV) (Singer et al. 2004) . In contrast to the O-SRV and LFCC-diet surveys, we focused on IW as a baseline trait prior to diet introduction and FW as a measure of body weight at the end of the study. We also added a new trait, BMI, as a measure of adiposity because we have previously demonstrated that BMI correlates with gonadal fat pad size in the parental strains (Buchner et al. 2008) . We tested reproducibility among the replicates for these three traits.
We began by plotting the difference in CSS trait values in the R-WOL and R-ARC replicate surveys versus the average trait value for each CSS in the replicate surveys. We also calculated the mean difference among all CSSs and 95% confidence interval (±2 SD). For IW, the mean difference between the two surveys was -2.26 g with 95% confidence intervals (± 2 SD) ranging from -5.81 to 1.30 g. The difference in IW of a single strain (A/J) was outside the confidence intervals (Fig. 3a) . For FW, the mean difference was -2.08 g with 95% confidence intervals (±2 SD) ranging from -6.33 to 2.16 g. Only CSS-X had a FW difference outside of these confidence intervals (CSS-X) (Fig. 3b) . Finally, for BMI, the mean difference was -0.01 g/cm 2 with 95% confidence intervals (±2 SD) ranging from -0.04 to 0.02 g/cm 2 , and only the value for CSS-X was outside of these confidence intervals (Fig. 3c) . For all three traits, the mean difference was negative because, on average, the CSSs in R-ARC had higher trait values than the CSSs in R-WOL (Table 1) . Thus, results of the CSS surveys were remarkably consistent, with only three discrepant results among the 69 tests for three traits in the R-WOL and R-ARC surveys.
CSS intercrosses
We next tested for QTLs that affect MW, FW, EWG, WG, and FWG among progeny of intercrosses between each CSS (except CSS-Y and CSS-Mito) and the B6 host strain (Table 2, Fig. 4 ; see also Supplementary Table 5). We also To test whether pairs of QTLs with additive or interactive effects might explain why we were unable to detect QTLs on chromosomes that reproducibly conferred resistance in CSS surveys, we performed a twodimensional, two-QTL scan for each chromosome and trait among the 20 intercrosses. For each trait we compared the best two-QTL model (additive or interacting) with the best one-QTL model and provided a LOD score for each comparison. Obviously, the small number of recombinant males in each intercross limited the sensitivity of this study. Regardless, the two-dimensional, two-QTL scan provided suggestive evidence (additive model) of two QTLs for FWG on chromosome 6 (p = 0.26), two QTLs for FW on chromosome 13 (p = 0.43, additive model), and two QTLs for FWG on chromosome X (p = 0.61) ( Supplementary Figs. 1 and  2) . Thus, despite the limited sensitivity of this analysis, suggestive evidence was found for at least two QTLs on three chromosomes.
Based on the results of the CSS replicate surveys, we expected to detect FW QTLs on at least 13 chromosomes in the intercrosses. Because we detected fewer than the expected number of QTLs, we hypothesized that segregating QTLs may be present but not detected using conventional intercross analysis. To test this hypothesis, we assessed the mean FW in intercross progeny versus B6 (Fig. 5 ). Intercross progeny with mean FW that differed significantly from B6 suggested that QTLs affecting FW were segregating in the cross, regardless of whether QTLs were detected with conventional analyses. If QTLs were not segregating, the mean weight of intercross progeny and B6 should be similar. This test is conservative because, depending on dominance, a substantial portion of the intercross population was expected to be genetically and phenotypically similar to B6. Remarkably, the mean FW for 13 intercrosses (CSS-3, -4, -5, -6, -7, -8, -10, 12, -13, -15, 17, -18, and X) was significantly less than that of B6, suggesting that at least one QTL with strong effects was segregating in intercross progeny producing resistance in the population relative to B6. These results provide independent evidence demonstrating that many QTLs were present but not detected with conventional CSS intercross analysis (Fig. 6 ).
QTL inheritance patterns and allelic effects
We expected to detect many A/J-derived resistance QTLs because of the large number of A/J chromosomes that conferred resistance to diet-induced obesity in the surveys. Hence, we tested whether A/J-derived alleles conferred resistance to diet-induced obesity in the intercrosses. To this end, intercross mice were sorted by their genotype at the marker nearest the significant or suggestive LOD score peaks, and the mean FW was calculated for mice with each genotype at that marker. Then, the FWs for each genotype were compared using a one-way ANOVA with Tukey's post-test and a Bonferroni correction was applied to account for the large number of tests performed (across chromosomes and traits). Various modes of inheritance and allelic effects were observed, including over-dominance on chromosomes 6 (Obrq1 and Obrq3) and 17 (Obrq8), A/J-derived alleles on chromosomes 1 (Obrq4) and 11 (Obrq6) that promote obesity in a dominant manner, and A/J-derived alleles on chromosomes 10 (Obrq5) and 13 (Obrq7) that tend to promote resistance to diet-induced (Singer et al. 2004 ) and the replicate (R-WOL and R-ARC) CSS surveys with standard deviation and sample size in parentheses obesity in a dominant, recessive, or additive manner (Table 3) . Therefore, we discovered A/J-derived resistance QTLs but also new A/J-derived obesity-promoting QTLs that were not detected in the CSS surveys.
Duration of diet exposure reveals distinct timing of QTL action
To test whether QTLs act after different times during diet exposure, we evaluated the intercross mapping results for traits at different time points. For example, Obrq6 affected weight gain in the second half of the study because significant peaks were detected for BMI, FW, WG, and FWG, but not for EWG or MW. In contrast, Obrq5 affected weight gain in the first half of the study because QTLs for both EWG and MW were detected. Chromosome 6 was also complex with at least two QTLs: Obrq3 near 28 cM affecting FWG, WG, and FW, and Obrq1 near 56 cM affecting MW, FW, BMI, WG, and FWG. Obrq1 may influence body weight earlier than Obrq3 because Obrq1 showed an effect for MW whereas Obrq3 did not. Thus, individual QTLs appear to dynamically control weight gain (Table 2) .
Parental strain intercrosses
To test whether QTLs detected in the CSS intercrosses are comparable to those detected using a traditional intercross between the parental strains, we performed a QTL analysis using 94 B6 9 A/J intercross progeny and compared the results with those obtained using the CSS intercrosses. We used only 94 intercross progeny in the parental strain analysis because this number is comparable to the number of mice used in the CSS intercross analysis (i.e., each chromosome segregates only *100 times in both studies). No significant QTLs were detected in the parental strain intercross. For traits related to diet exposure, suggestive QTLs were discovered on only chromosomes 6 (FW, p = 0.407; WG, p = 0.583) and 10 (FW, p = 0.347; BMI, p = 0.184). As in the CSS analysis, at least two suggestive QTLs were discovered on chromosome 6 (FW at 24.4 cM and WG at 60.6 cM). In addition, QTLs for weight at the onset of the study (prior to diet exposure) were discovered on chromosomes 13 (p = 0.494) and 17 (p = 0.526). Interestingly, unlike the suggestive QTLs on chromosomes 6 and 10, the IW QTLs on chromosomes 13 and 17 were not detected in the CSS intercross analysis. LOD curves are provided in Supplementary Fig. 3 and suggestive QTLs are listed in Supplementary Table 7 .
We also performed a two-dimensional genome scan for additive and nonadditive effects using the parental strain intercross progeny. Significant evidence for additive effects involving QTLs on chromosomes 6 and 10 for FW [p(L ca ) = 0.0008, comparison of additive model vs. single QTL model] was discovered even though the individual QTLs on chromosomes 6 and 10 were not significant in the parental strain (B6 9 A/J) intercross progeny. Similarly, suggestive evidence was discovered for interactions between these same loci on chromosomes 6 and 10 for BMI and WG. Finally, suggestive evidence was discovered for additive effects for IW (chromosomes 3 and 17, 13 and 17), interactive effects for BMI (chromosomes 1 and 6), and additive effects for WG (chromosomes 6 and 11, 10 and 11). Table 6 ). Individuals are marked with a filled circle if a significant or suggestive QTL was detected in the intercross analysis, and with a open circle if a QTL was not detected. X indicates B6. Obesity-resistant and obesity-susceptible strains were categorized according to results of the replicate HFSC surveys (consistently resistant strains) and are highlighted in blue and red, respectively 
Discussion
CSS surveys
Many metabolic and physiologic studies have investigated the genetic control of susceptibility to body weight-related traits and diet-induced obesity in various combinations of inbred strains (Wuschke et al. 2007 ). These studies are based on segregating populations, heterogeneous genetic backgrounds such as recombinant inbred strains, and heterogeneous stocks. The present study is the first comprehensive analysis of diet-induced changes in body weight in a panel of CSSs. CSS surveys are based on testing inbred strains with single, defined, and nonoverlapping genetic ns A statistically non-significant result, A homozygosity for the A/J-derived allele, B homozygosity for the B6-derived allele; H heterozygosity The marker nearest the peak LOD score of each significant and suggestive QTL was identified. Mice were sorted according to their genotype at this marker. Mean body weight was then calculated for each genotype and compared using a one-way ANOVA with Tukey's post-test. p values were corrected for multiple testing (n = 27). We categorized inheritance patterns according to the following criteria: additive indicates a significant difference between the ''A'' and ''B'' genotypes, with the ''H'' genotype not significantly different from either parental genotype; dominant A/J obesity allele indicates obesity in mice that were homozygous or heterozygous for the A/J-derived allele, with homozygotes for the B allele weighing significantly less than A homozygotes and H heterozygotes; dominant A/J obesity allele? indicates that two of three tests were consistent with dominant obesity in mice with the A/J-derived allele; dominant A/J resistance allele? indicates that two of three tests were consistent with dominant resistance to diet-induced obesity in mice with the A/J-derived allele; recessive A/J resistance allele indicates obesity in mice that were homozygous for the A/J-derived allele with A homozygotes weighing significantly less than the B homozygotes and the H heterozygotes; recessive A/J resistance allele? indicates that two of three tests were consistent with recessive resistance in mice with the A/Jderived allele; over-dominance? indicates that the trait in heterozygotes was significantly more extreme than one of the parental strains and in the same direction, although not significantly, with the other parental strain; and three ns results indicate an inconclusive result. See Supplementary  Table 1 for details about the identity and location of the m markers. IW, MW, and FW are presented in g. EWG, FWG, and WG are presented in g/day. BMI is presented in g/cm differences on a uniform and inbred background (Malek et al. 2006; Nadeau et al. 2000; Shao et al. 2008; Singer et al. 2004 ). This paradigm enables rigorous and statistically powerful assessments of the number of QTLs that affect complex traits, their phenotypic effect sizes, and the nature of their interactions (Belknap 2003; Nadeau et al. 2000; Shao et al. 2008; Singer et al. 2004; Stylianou et al. 2006) . In this report we focused on the genetic control of resistance to diet-induced obesity, with an emphasis on characterizing diet effects, testing reproducibility of CSS surveys, mapping obesity-resistance QTLs in CSS intercrosses, and assessing dominance and temporal QTL effects.
Reproducibility of CSS surveys
In humans, replication of linkage and association studies is important but challenging (Altschuler et al. 2008; Morgan et al. 2007 ). Despite statistical fluctuations, the sometimes significant vagaries of animal husbandry, and evidence indicating a role of epigenetic control of body weight in mice (Koza et al. 2006) , remarkably little effort has been made to assess reproducibility for most obesity genetics studies in mice. The unique nature of CSSs as genetically defined inbred strains provides opportunities, and perhaps an obligation, to test reproducibility. Trends for IW, FW, and BMI among replicate CSS surveys, which were made at different times and in two animal facilities, were remarkably consistent, with only 3 of 69 tests showing inconsistent results (Fig. 3) . CSS surveys therefore yielded highly reproducible results.
Obesity-resistant CSSs
Using the CSSs, we found obesity-resistance QTLs on at least 13 chromosomes. Twelve of these chromosomes had been previously associated with obesity in mice but in different strain combinations. These CSS surveys provide the first evidence for an obesity-related genetic variant on the mouse Y chromosome. In all three replicates, CSS-Y males weighed less than B6 males (Table 1) . Interestingly, several reports of human patients with structural abnormalities involving the Y chromosome include obesity as one of several clinical features, although no causative gene has been identified (Calzolari et al. 1993; Castro et al. 2004; De Rosa et al. 1997; Velissariou et al. 2007 ).
QTLs on substituted chromosomes CSS intercrosses in which only a single chromosome segregated were used to determine the number and location of QTLs on individual A/J-derived chromosomes. Surprisingly, these intercrosses revealed evidence for QTLs on only six chromosomes (1, 6, 10, 11, 13, and 17) of the 20 chromosomes that were tested. Of note, using a B6 9 A/J intercross with a comparable number of intercross progeny, QTLs were detected on only four of these chromosomes (6, 10, 13, 17) , with the QTLs on chromosomes 13 and 17 being ''new'' IW QTLs not detected in the CSS intercrosses. Interestingly, of the 13 CSSs that showed evidence for an obesity-resistance QTL in the CSS surveys, A/Jderived resistance QTLs were detected on only three of these chromosomes: 6, 10, and 13. In addition, one of these CSS intercrosses, involving CSS-6, showed convincing evidence for two QTLs with significant or suggestive effects: Obrq3 (proximal) for FW, FWG, and WG, and Obrq1 (distal) for BMI, FW, MW, FWG, and WG (Table 2) . Furthermore, the two-dimensional, two-QTL scan provided suggestive evidence for two QTLs with additive effects on chromosomes 6 and 13 and two interacting QTLs on chromosome X. Thus, most of the CSSs that were reliably detected in CSS surveys were not found in the intercrosses.
As an alternative method to study the genetics of obesity resistance in intercrosses, we analyzed the mean FW for each intercross relative to that of B6. This test was based on the premise that segregating QTLs should lead to a significant difference in FW among intercross progeny versus the B6 host strain. Dominance effects of segregating QTLs make this test relatively conservative. Interestingly, the mean FWs in intercrosses derived from seven of the nine chromosomes on which QTLs were expected but not detected based on CSS survey results were significantly lower than that of B6 (Fig. 5) . Presumably at least two QTLs with contrasting effects on FW are located on the nine chromosomes on which QTLs were expected but not detected in the single-or two-QTL intercross analysis. Thus, two independent lines of evidence, namely, the replicated CSS surveys and this analysis of mean FWs in intercrosses, demonstrate evidence for resistance QTLs on these chromosomes.
Issues related to sample size and the corresponding implications for the number of informative recombinant chromosomes may have led to the limited power to detect QTLs in the CSS intercrosses versus CSS surveys. In general, CSS surveys have considerably greater statistical power than crosses and as a result the same QTL can be detected in many fewer mice in CSS surveys than in intercrosses (Belknap 2003) . We therefore analyzed approximately 90 males per CSS intercross, expecting that statistical power would be adequate to detect and then localize QTLs in CSS intercrosses. However, the proportion of intercross progeny that inherited recombinant chromosomes was relatively small and apparently sufficient for detecting many QTLs but insufficient for resolving their location precisely. This issue may explain why the CSS surveys and the mean FW of intercross progeny detected more QTLs than the CSS intercrosses.
B6 and A/J were not intentionally selected to have particular phenotypes such as susceptibility to weight gain in response to a high-fat diet. As a result, these inbred strains are expected to have a combination of diet-induced obesity-promoting and diet-induced obesity-resistance QTLs, but only obesity-resistance QTLs were detected in the CSS surveys. In contrast, the CSS intercrosses, but not the traditional intercross analysis, provided evidence for these heterogeneous effects. The basis for these contrasting effects in CSSs versus crosses is unclear.
Two interesting examples of A/J-derived obesity-promoting QTLs were those for FW on chromosomes 1 and 11. First, although FW in CSS-1 was not significantly different from B6, an A/J-derived (Obrq4) QTL was detected in the CSS-1 intercross (cf. Vogel et al. 2009 ). Obrq4 was similar in location to an obesity-promoting QTL previously reported with crosses derived from B6 and A/J fed a regular diet (Zhang and Gershenfeld 2003) . Similarly, the dominant FW QTL on chromosome 11 (Obrq6) was also an A/J-derived obesity-promoting QTL. An A/J-derived resistance allele was expected because CSS-11 was reproducibly resistant in the CSS surveys. This finding suggests that additional A/J-derived resistance QTLs must conceal these obesity-promoting QTLs to produce resistance when an intact chromosome 1 or 11 was present in these CSSs.
Body weight and BMI were selected for these studies as surrogate traits to measure obesity because previous work by our lab demonstrated that fat pad weights correlate with both body weight and BMI in the parental strains (Buchner et al. 2008) . A caveat is that the correlation between fat pad weight and these two traits may vary across strains, and body weight and BMI may not be predictors of obesity in all strains. Thus, in some strains, body weight may reflect muscle mass or organ weight rather than obesity.
Timing of QTL action
Mapping studies for traits at various points during the time course of the study demonstrated that some QTLs became apparent after short durations of diet exposure or at relatively young ages (e.g., MW or EWG), whereas others required longer diet exposures or increased age (e.g., FW or FWG) before showing an effect. For example, Obrq6 appeared later and Obrq5 appeared earlier in the study. Time-dependent or stage-specific QTLs affecting body weight, obesity, or size-related traits in the mouse have been previously described (Brockmann and Bevova 2002; Cheverud et al. 1996; Morris et al. 1999; Rocha et al. 2004) . Perhaps QTLs act independently at different time points. Alternatively, QTLs may act sequentially such that the action of one QTL requires the previous action of another. QTLs that act early in the disease progression may provide targets to prevent weight gain prior to the development of obesity. Congenic strains derived from these CSSs could be used to isolate the effects of particular QTLs and thereby determine whether later-acting QTLs depend on the prior action of other QTLs. In this way the sequence and functional dependencies of gene action during pathogenesis can be studied.
Crosses versus congenic strains
Both segregating crosses and panels of congenic strains are appropriate ways to follow-up CSS surveys, and both have been used previously with strikingly different results. A backcross analysis with the 129-Chr19 MOLF CSS (Matin et al. 1999 ) provided evidence for a single-susceptibility QTL for spontaneous testicular germ cell tumors (TGCTs) on the central segment of chromosome 19. By contrast, a panel of 13 single-and double-congenic strains derived from the same CSS suggested at least five QTLs with enhancer or suppressive effects and that act additively or epistatically, depending on genetic background (Youngren et al. 2003) . Similarly, we made and characterized panels of congenic strains for three CSSs and in every case found multiple QTLs for most traits (Buchner et al. 2008; Shao et al. 2008) . Although larger intercross populations may increase the power to detect QTLs in CSS intercrosses, the congenic strain results suggest that they are more powerful than modest intercross populations (n % 100) for QTL detection. A further advantage of congenic strains is their immediate utility as resources for further genetic and functional studies.
Comparison of B6 9 A/J intercross versus CSS intercrosses
Comparison of results using traditional F2 intercross progeny versus CSS intercross progeny showed that the two approaches provide complementary results. Although the two analyses produced similar results for chromosomes 6 and 10 (with significant p values obtained only with the CSS intercrosses), the B6 9 A/J intercross detected ''new'' IW QTLs on chromosomes 13 and 17. Furthermore, perhaps the most interesting result of the traditional analysis was the detection of an additive effect between QTLs on chromosomes 6 and 10. A common concern of the CSS methodology is that CSSs do not detect interacting or additive QTLs, but detection of additive effects involving QTLs discovered using the CSS intercrosses demonstrates that the CSS analyses can detect QTLs on individual chromosomes that are involved in additive or interactive effects. Furthermore, the large effects conferred by individual QTLs detected in the CSSs provide evidence that CSSs can be used to detect epistatic QTLs (Shao et al. 2008) . These results contribute to the increasing focus on epistasis (Ankra-Badu et al. 2009 ) and on gene-diet interactions (Gordon et al. 2008) .
